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Morris water taskThe nature of stress-related cognitive changes is still a matter of debate. Stress is often considered to be
deleterious to cognitive function, despite many instances in which beneﬁcial effects are evident in neural
structure and cognition. Moreover, in some neuropathological conditions such as focal ischemia, stress
exaggerates loss of cognitive function. The present experiments set out to investigate the effects of repeated
restraint stress on spatial cognition in rats, and on recovery from a focal stroke induced by injection of
endothelin-1 (ET-1) into the hippocampus (HPC). We did not observe a deleterious effect of stress on
performance in the Morris water task (MWT). The HPC focal stroke induced by ET-1 produced lasting spatial
learning impairments. Importantly, rats in the HPC stroke+stress group exhibited superior performance in
the MWT compared with the HPC stroke-only group. No between-group structural difference was observed
related to stress. These ﬁndings conﬁrm that corticosterone-related experiences may be key factors
inﬂuencing cognitive performance after HPC focal ischemic stroke.ural Neuroscience, University
, Canada T1K 3M4. Tel.: +1
l rights reserved.© 2010 Elsevier Inc. All rights reserved.1. Introduction
Studies of stress and spatial cognition in animals and humans have
reported divergent ﬁndings. Stress can produce enhancement, impair-
ment, or no effect on spatial learning performance [1–5]. Much of
the evidence in rodents shows that spatial learning performance is
exquisitely sensitive to psychological stress [6]. In particular, restraint
stress has been shown to be associated with impairment in spatial
learning in the Morris water task (MWT), a widely used test to assess
hippocampus-dependent learning and memory in rodents.
In addition to the adverse consequences of stress on spatial
behaviour, there are many instances in which spatial cognition is
not affected by stress [7,8]. Even more interesting, chronic restraint
stress has been shown to enhance spatial performance comparedwith
controls [9]. Therefore, although differences in stress effects observed
across different studies may be attributed to sex differences, rat strain,
type of stressor, duration of stress, and housing conditions [10,11],
stress-dependent cognitive changes and their alternative behavioural
reﬂections are still a matter of further investigation.
The hippocampus is the primary target of investigation into
mechanisms of stress on brain function and plasticity, in part, because
it shows the highest density of corticosteroid receptors in the brain
[6]. Importantly, hippocampal structure and function are frequently
the target for a variety of other factors that can produce adverseoutcomes, including stroke [12]. Speciﬁcally, because neurons in the
hippocampus are highly sensitive to ischemic events [13], vascular
insults can particularly affect this area leading to learning andmemory
deﬁcits [14]. It has been proposed that the cognitive impairment
caused by ischemic events may be increased by stressful experiences
[15,16]. This is particularly the case when experimental participants
experience stressful episodes prior to an ischemic event [17,26]. Post-
stroke effects of corticosterone-related experiences on hippocampal
function, however, may potentially provide an alternative outcome in
cognition. These can be induced by both systemic effects of gluco-
corticoids, that is their immunosuppressive and anti-inﬂammatory
consequences [18–20] following, for instance, focal strokes. Although
there ismuch still to learn about the contribution of the hypothalamic–
pituitary–adrenal (HPA) hormonal outputs during ischemic events,
we make the simple observation here that ischemic insults usually
result in inﬂammation in the brain [21,22], this fact may be a basis for
beneﬁcial results for the ischemic brain through the prominent anti-
inﬂammatory effects of corticosteroids. Therefore, particularly after a
minor ischemic event, we predict that repeated restraint stress will
promote functional improvement due to the less extent of structural
damages in such ischemic events.
The main goals of the present study were: (1) to investigate the
effect of repeated restraint stress and a localized partial-stroke in
the hippocampus induced by endothelin-1 (ET-1) on spatial learning
performance, and (2) to explore the structural and functional conse-
quences of post-stroke stress. In Experiment 1, male rats were given
chronic restraint stress (1 h/day; 21 days) and tested in the MWT
along with control rats. In Experiment 2, subjects were given focal
stroke by the injection of ET-1 into the hippocampus and were tested
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peptide that has been identiﬁed as a potent vasoconstrictor [23],
its focal injection into targeted brain regions in rats produces a
localized ischemic stroke [24–26]. In Experiment 3, rats sustained ET-
1-induced stroke in the hippocampus, followed by a period of chronic
stress for half of the rats. They were then tested in the MWT to
determine whether stress affects spatial performance after hippo-
campal stroke. The amount of hippocampal damage in each ischemic
rat was estimated according to the Cavalieri method. Restraint stress
paradigm, blood sampling and corticosterone (CORT) analyses in
Experiments 1 and 3, ET-1-injection procedure in Experiments 2 and
3, and MWT testing in all experiments were identical.
2. Materials and methods
2.1. Subjects
Fifty adult male, Long–Evans rats weighing 310–370 g, raised at
the Canadian Centre for Behavioural Neuroscience Vivarium at the
University of Lethbridge, were used. The animals were housed in pairs
under a 12:12 h light/dark cycle with light starting at 07:30 h and the
room temperature set at 22 °C. All testing and training was conducted
during the light phase of the cycle at the same time of day. The
animals received water ad libitum. Each rat was handled for four
consecutive days prior to any experimental manipulation. All pro-
cedures were approved by the University of Lethbridge Animal Care
Committee in compliance with the guidelines of the Canadian Council
on Animal Care.
2.2. Experimental procedures and data collection
2.2.1. Experiment 1: chronic restraint stress and spatial learning
performance
2.2.1.1. Blood samples. Fifteen rats (control, N=7; stress, N=8) in this
experiment underwent blood sampling. Blood samples were taken
the day prior to restraint stress. Blood sample were also taken 15–
20 min after stress on the 21st day of treatment. All samples were
collected in the morning hours. Rats were transported individually
to the surgical suite and anesthetized with 4% isoﬂurane. During
the 3–4 min of anesthesia, 0.70 mL of blood was collected from a tail
vein. Blood was sampled using a heparinized butterﬂy catheter. Blood
samples were then transferred to centrifuge tubes and plasma was
obtained by centrifugation at 5000 rpm for 5 min. The plasma samples
were stored at −20 °C until analyzed for CORT concentration using
commercial radioimmunoassay kits (Coat-A-Count, Diagnostic Pro-
ducts Corporation, Los Angeles, USA). All procedures for blood
sampling were the same as that previously reported by Metz et al.
[27].
2.2.1.2. Chronic restraint stress. For restraint stress, animals in the
stress group were maintained in custom-made transparent Plexiglas
tubes (6 cm inner diameter) of adjustable length, from 11:00 am to
12:00 am for 21 consecutive days. All stress rats were stressed
simultaneously in a quiet room with approximately 100 cm distance
between restraint tubes. The tubes allowed the complete restraint of
the animals while at the same time allowing them to breathe through
perforated ends of the tube. The tubes maintained the animals in a
standing position without compression of the body. All procedures for
restraint stress were the same as that previously reported by Metz et
al. [27] with the exception that rats were manually vibrated for 5–10 s
in every 15 min of stress phase in order to prevent the habituation
effect of the given stress. Both control and stress groups were then
tested in the MWT to determine the functional effects of restraint
stress on their spatial learning.2.2.1.3. Morris water task (MWT). In order to assess spatial learning
performance of the animals, all rats were tested after stress in the
moving hidden platform version of the Morris water task (MWT,
[28]). The MWT consisted of a pool (1.5 m diameter) ﬁlled to within
20 cm of the top with water (21±1 °C) that was rendered opaque by
skim milk powder. The pool was located in a room with unobstructed
view of a rich set of distal cues throughout the duration of the
experiment. One day prior to MWT testing, all rats were habituated to
the testing environment, and taught to escape from the water by
climbing onto the platform. During all hidden platform trials on
testing days, the platform was submerged 1–2 cm below the water
surface. Each trial began with the rat being placed in the pool at one of
the four cardinal compass positions around the perimeter of the pool
according to a pseudo-random sequence. The maximum duration of
each swim trial was 60 s. If a rat found the platform within this 60 s
period, it was allowed to remain on the platform for 5 s. If the rat did
not ﬁnd the platform during the selected time, then it was placed onto
the platform for 10 s by the experimenter. Following each swim trial,
the rats were placed in a holding cage and allowed to rest for at 5 min
before the start of the next swim trial. Animals in this experiment
were tested in 8 trials per day for 10 consecutive days of training
before and after stress. In this version of the task, the platform is
moved to a new location every second day. In other words, the
platform remains in the same location for two consecutive days.
Because the location of the hidden platform was different every
2 days, all odd days were called “different-platform” (learning) days,
and even days were called “same-platform” (memory) days.
Moreover, both groups in this experiment were subjected to probe
trial testing on the eleventh day of MWT, a transfer test that was
performed to determine the extent to which the rats had learned
about the location of the platform. On probe test day, the environment
has been divided into four quadrants by the tracking system (HVS
Image 2020) in which quadrants 1, 2, 3, and 4 were labeled for
northeast (NE), southeast (SE), southwest (SW; target quadrant), and
northwest (NW), respectively. The platform was removed from the
pool and the rats were allowed to swim freely for 1 min. The per-
centage of time that the animals spent in each quadrant of the task
was recorded.
The movements of the animals were recorded and analyzed by a
video tracking system (HVS Image 2020 Plus Tracking System, 1998–
2002; HVS Image Ltd, UK) and an Acer computer (Travel Mate 225X).
2.2.2. Experiment 2: ET-1-induced hippocampal (HPC) focal stroke and
spatial learning performance
2.2.2.1. Surgery. Fourteen rats (sham, N=7; HPC stroke, N=7) were
used in this experiment. The procedure of ET-1 injection into the
hippocampuswas the same as that previously described by Faraji et al.
[29]. The hippocampal formation was damaged by bilateral injections
of ET-1 (7.5 pmol/0.5 μl; 0.1 μl/min; Sigma-Aldrich, St. Louis,MO, USA)
dissolved in phosphate-buffered saline. Seven rats were anesthetized
using 1.5% isoﬂurane inhalation. A midline incision was made in the
scalp and periosteum. Rats received two injections of ET-1 in each
hippocampus (Fig. 1) through a 23-gauge cannulae attached to a
Harvard infusion pump (model 22) and using the coordinates AP:
−4.1, −5.3; ML: ±3.0, 5.5; DV: −3.7, −6.3 in millimeters relative
to the bregma-lambda distance. The cannulae were left in place for
5 min after each injection. The scalp was sutured after surgery and
the animals were monitored until they became active before being
returned to their home cages. Sham group received all surgical pro-
cedures up to the skull trephination. Rats were allowed to recover for
4–5 days before the beginning of MWT testing.
2.2.2.2. Morris water task (MWT). The MWT procedures used were
identical to those described in Experiment 1 with the exception that
Fig. 1. Schematic of lesions of (A) dorsal and (B) ventral hippocampus. The rats received
two injections in each hippocampus. Atlas plates are from Paxinos and Watson [76]
approximately equal to −3.60 mm and −5.60 mm relative to bregma.
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behavioural testing commenced.
2.2.2.3. Histology. All animals were sacriﬁced by an overdose of sodium
pentobarbital (100 mg/kg i.p.) and perfused transcardially with 0.9%
phosphate buffered saline followed by 4% paraformaldehyde. Each
brain was removed from the skull and stored in 30% sucrose-formalin
solution. The brains were then dissected out and 40 μm coronal
sections were cut on a cryostat microtome. Every fourth section was
mounted on glass slides and stained with cresyl violet. The stained
sections were examined under a microscope (Zeiss, Germany) and
images were captured using an AxioCam camera (Zeiss, Germany) to
quantify the extent of the lesions. The amount of hippocampal lesion
in each ischemic rat was estimated according to the Cavalieri method
[30]. In this experiment, ﬁve images were captured, corresponding
approximately to −2.3, −3.3, −4.3, −5.3 and −6.3 mm relative to
bregma. After capturing an image of each section under 1× and 10×
magniﬁcation, a systematic sampling grid with an area per point of
20,000 pixels was randomly thrown over each image and the number
of points hitting intact hippocampal tissue were counted. Grids were
generated using ImageJ software (http://rsb.info.nih.gov/ij/). The total
number of hits in each rat was then divided by the average number of
hits obtained by three control rats. The complement proportion was
used as the percentage hippocampal lesion estimate [31].
2.2.3. Experiment 3: ET-1-induced HPC minor stroke, restraint stress, and
spatial learning performance
2.2.3.1. Surgery. Fifteen rats were subjected to the hippocampal
injection of ET-1, and the surgical procedures used were identical to
those described in Experiment 2. Animals were then randomly
divided into two groups, stroke-only (N=7) and stroke+stress
(N=8). Rats in stroke+stress group were allowed to recover for 4–
5 days before the beginning of blood sampling and restraint stress.
Moreover, six rats served as shams without skull opening.
2.2.3.2. Blood samples. Blood samples procedures used were identical
to those described in Experiment 1.
2.2.3.3. Chronic restraint stress. The stress procedure usedwas identical
to those described in Experiment 1. Following the 21-day (1 h/day)restraint stress, and in order to assess spatial learning performance of
the animals, all groups were tested in the moving hidden platform
version of the MWT.
2.2.3.4. Morris water task (MWT). The MWT procedures used were
identical to those described in Experiment 2.
2.3. Statistical analysis
In all experiments, three behavioural indices within the MWT
(i.e. latency, swim speed and percentage of time spent in target
quadrant on the probe trial day) were averaged and analyzed for
each odd (learning) and even (memory) day. Statistical analysis
was performed using SPSS for Windows 11.5.0 (Standard Version,
1982–2002; SPSS Inc., USA). Repeated measures analysis of variance
(ANOVA) was conducted with Group, Day and Trial for the inde-
pendent measures. Latency, swim speed and probe performance
served as the dependent variables. Post-hoc (Tukey HSD) test was
used to adjust for multiple comparisons. Differences in between-
group and within-group comparisons were also assessed with
independent and dependent samples t-tests, with Pb0.05 set as the
signiﬁcance level. All data are presented as mean±standard error of
the mean.
3. Results
3.1. Experiment 1
3.1.1. CORT levels
Blood samples were assayed for pre-stress levels of circulating
CORT (a day prior to stress) and at post-treatment point (day 21).
Rats that received restraint stress, showed an elevated levels of CORT
(stress group: 368±70.61 ng/mL vs. controls: 223±69.11 ng/mL).
An ANOVA was performed on the serum extracted from the blood
samples. The results indicated a signiﬁcant Group difference in CORT
levels [F(1,13)=3.17, Pb0.041] suggesting that stress group sig-
niﬁcantly showed elevated CORT levels compared to controls. An
additional dependent samples t-tests conducted for pre-stress levels
(188±62.18 ng/mL) and chronic points (day 21st; 368±70.61 ng/
mL) revealed a signiﬁcant difference only in stress group (t=2.12,
Pb0.05). No difference was found between pre-stress and chronic
points in control group (199.76±50.18 ng/mL vs. 223±69.11 ng/mL,
PN0.98; dependent samples t-test). These data show that our stress
procedure produced signiﬁcantly elevated levels of blood CORT in
stress group.
3.1.2. Spatial learning performance
We have considered and reported only latency and swim speed in
all experiments because latency and swim length always reveal the
same proﬁle of spatial navigation [32,77–79]. All daily latencies and
swim speed values are the mean values of the eight trials.
Latency: Fig. 2A shows the average time spent to ﬁnd the hidden
platform in the MWT for both groups over 10 days of acquisition. A
repeated measure ANOVA conducted for MWT testing after stress
revealed no signiﬁcant effect of Group [F(1,13)=1.39, PN0.63] but
signiﬁcant effect of Day [F(4,40)=6.33, Pb0.05] indicating that
both control and stress groups could acquire and retrieve the location
of the hidden platform in the same manner. ANOVA also showed a
signiﬁcant effect of Trial [F(7,70)=11.19, Pb0.05]. No effects of Group
by Day [PN0.59] and Group by Trial [PN0.88] interaction were found.
Hence, the latency measure in the MWT, regardless whether tested
with a new or same platform location, was not affected by the
restraint stress employed in this experiment. This suggests that
both control and stress rats were able to acquire and retrieve the
spatial information in a similar rate regardless of their experimental
situation.
Fig. 2. (A) Average latency to ﬁnd the hidden platform on different- and same platform
days within MWT. (B) Swim speed averaged across 10 days of testing in MWT. No
signiﬁcant effect of stress was found in post-stress latency and speed. (C) The mean
percentage of time spent in the four quadrants of MWT during the 60 s of the probe trial
conducted on day 11. Grey and lined zones in the schematic circle represent target and
opposite quadrants respectively. No signiﬁcant difference was found in dwell time in
the target quadrant between control and stress groups. Error bars denote average
±SEM for each group.
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groups during 10 days acquisition. Both groups showed relatively
constant speeds across the 10 testing days in the task. An ANOVA
conducted for speed on post-stress trials in the MWT showed no
signiﬁcant main effect of Group [F(1,13)=2.71, PN0.54] or interac-
tion effects (all PsN0.05). This shows that stress had no effect on the
rats' speed during the spatial navigation in the MWT.
Probe trial: the results showing the percentage of time spent in
each quadrant (60-s duration) are depicted in Fig. 2C. Accurate spatial
memory is indicated by signiﬁcantly greater search time in target
(quadrant three; SW) compared to non-target quadrants of the task.
Rats in both groups showed similar preference to spend time in the
target (control: 43.12%±3.17; stress: 44.34%±4.55) and opposite
(control: 12.66%±4.43; stress: 14.54%±3.95) quadrants within the
MWT. No signiﬁcant difference was found in the percentage timespent in the target quadrant between groups (PN0.89; independent
samples t-test). Moreover, animals in both groups showed a bias for
the SW target quadrant during probe testing when compared to the
opposite quadrant (NE; control: t=8.70, stress: t=7.54; Pb0.05;
dependent samples t-test).
Overall, our results in the Experiment 1 suggest that a 21-day
restraint stress procedure signiﬁcantly increased circulating CORT,
but it does not produce any detectible effect on spatial learning per-
formance measured by the MWT. Control and stress groups showed
equivalent learning and memory in the hidden platform version of
the MWT.
3.2. Experiment 2
3.2.1. Volumetric measurements
ET-1 produced tissue loss in the dorsal and ventral areas of the
hippocampus in all rats of the stroke group (Fig. 3). The damage to the
dorsal hippocampus was mostly limited to the CA1 and the dentate
gyrus (DG). In only one case, the dorsal CA2 region also showed some
evidence of tissue loss. However, the extent of tissue loss in the
ventral hippocampus was mainly restricted to the CA1, CA2 and
sometimes CA3 ﬁelds, depending upon the exact point of injection. No
damage was observed in the ventral DG. The estimation of general
tissue loss showed that ET-1 injection induced 18.33% (±1.24) tissue
loss in the dorsal and 26.79% (±1.08) tissue loss in the ventral parts
of the hippocampus. An ANOVA conducted on the percent tissue loss
in the dorsal and ventral hippocampus indicated that ET-1 injection
induced signiﬁcantly more tissue loss in stroke group compared to
controls [dorsal: F(1,12)=6.01, Pb0.05; ventral: F(1,12)=4.89, Pb0.05].
There were no signs of tissue loss in the hippocampus of any of the
animals in the control group.
3.2.2. Spatial learning performance
Latency: Fig. 4A shows the average time to ﬁnd the hidden plat-
form for both control and ET-1 groups over 10 days of acquisition.
Although all rats showed a gradual decrease in the latency to locate
the hidden platform, control rats located the platform more quickly
than rats with HPC damage. An ANOVA conducted for the latency
indicated a signiﬁcant main effect of Group [F(1,12)=11.13, Pb0.05]
suggesting that ET-1 injection into the hippocampus induced spatial
learning impairments in the MWT. The effects of Trial [F(7,70)=
18.13, Pb0.05] was also signiﬁcant indicating that both control and
stroke groups could learn the spatial location of the hidden platform
in different trials during the learning and memory days. Tests of
within-subjects effects showed no interaction between Group by
Day, and Group by Trial (all PN0.05). Although the general proﬁle
of spatial learning performance in the MWT discloses a gradual
decreased latency for both groups, our analysis of different- and same-
platform days shows that only the control group could acquire and
retrieve the spatial location of the hidden platform.
Swim speed: Fig. 4B reveals swim speed in control and stroke
groups during 10 days acquisition. Both groups showed relatively
constant speeds across the 10 testing days in the task. No signiﬁcant
difference was found between control and stroke groups [PN0.83;
ANOVA] suggesting that the observed behavioural deﬁcits in theMWT
following ET-1 injection may be attributed to the cognitive outcomes
of ET-1-induced stroke in the hippocampus.
Probe trial: Fig. 4C shows the percentage time spent in the testing
(SE) and opposite (NW) quadrants of MWT during the probe trial.
Analysis of the 60 s of the probe performance revealed that rats in
the control group spent a considerable proportion of their time
(41.69%; ±3.18) searching in the target quadrant. The proﬁle of time
spending at the different quadrants and target quadrant (31.15%;
±3.39) for stroke rats in the probe trial, however, was signiﬁcantly
lower suggesting that rats with HPC damage did not acquire or retain
a strong bias for the previous location of platform as compared to the
Fig. 3. (Top panel, A, a and B, b) Photomicrograph of a coronal section of a dorsal region of the hippocampus for a control (A and a; magniﬁcation 1× and 10×) and HPC stroke
(B and b; magniﬁcation 1× and 10×) rat. Both low and higher magniﬁcations 1× and 10× of the DG show the hippocampal damage in the stroke rat. (Below panel, A, a and B,
b) Photomicrograph of a coronal section of a ventral region of the hippocampus in a control (A and a; magniﬁcation 1× and 10×) and HPC stroke (B and b; magniﬁcation 1× and 10×)
rat. Both magniﬁcations of the ventral hippocampus show that all ischemic rats had tissue loss in the CA1 and CA2 areas resulting from ET-1 injection.
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groups only in the target quadrant showed a signiﬁcant difference
(t=8.19; Pb0.01) suggesting that stroke group spent less time in the
target quadrant when compared to controls. Furthermore, analysis for
target (SE) versus non-target (NW) quadrants showed a signiﬁcant
difference for controls (t=4.06, Pb0.05, dependent samples t-test)
but not for stroke group (PN0.66, dependent samples t-test). In
summary, control rats tended to preferentially swim in the quadrant
in which the platform had been presented during the previous
training days.Taken together, both histological and behavioural results in the
Experiment 2 indicate that stroke rats that received ET-1 in the
hippocampus have a signiﬁcant tissue loss in the HPC, and show
learning and memory impairment assessed by MWT.
3.3. Experiment 3
3.3.1. Volumetric measurements
Fig. 5 shows lesions of the dorsal and ventral hippocampus
induced by ET-1 and the average percent of tissue loss in these regions
Fig. 4. Testing in MWT. (A) Latency to ﬁnd the hidden platform during 10 days of
testing. HPC stroke rats showed signiﬁcantly impaired spatial performance in the task
when compared to control rats. (B) Mean swim speed averaged across 10 days of
testing in MWT. No signiﬁcant difference was found between groups in swim speed
during spatial navigation. (C) The mean percentage of dwell time in the four quadrants
of MWT during the 60 s of the probe trial conducted on day 11. The controls spent
signiﬁcantly more time searching for the platform in the target quadrant (grey zone)
relative to the HPC group. Asterisks indicate signiﬁcance: *Pb0.05; independent
samples t-test. Error bars show ±SEM.
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the rats that received intrahippocampal ET-1 injections showed tissue
loss that was largely restricted to the region in and around the in-
jection sites, which normally included small portions of the CA1
region and DG. Both stroke and stroke+stress groups showed minor
damages to some of the regions of the hippocampus, including CA1
and DG areas in the dorsal portion of the hippocampus. In the ventral
hippocampus, however, the damages were mostly conﬁned to theCA1, CA2 and CA3 regions. No damagewas observed in the ventral DG.
For the analysis, the stroke-only and stroke+stress groups were
compared. Using volumetrics as a measure, an analysis of the tissue
loss revealed no signiﬁcant effect of Group (PN0.96; ANOVA). That is,
both groups were structurally affected by the ET-1 injection into the
hippocampus in a very similar manner.
3.3.2. CORT levels
Blood samples were assayed for levels of circulating CORT at pre-
stress (a day prior to stress) and post-stress treatment (day 21). Rats
that received restraint stress after focal stroke in the hippocampus
showed an elevated level of CORT (424±41.12 ng/mL) when com-
pared with control (226±76.51 ng/mL) and HPC stroke-only (311±
37.69 ng/mL) groups. An ANOVA conducted for CORT levels showed a
signiﬁcant effect of Group [F(2,18)=6.99, Pb0.05]. Post hoc analysis
(Tukey HSD) revealed a signiﬁcant difference between the control
and stroke+stress (Pb0.033), and stroke-only and stroke+stress
(Pb0.041). No differences were found between the control and stroke
groups (PN0.83, Post hoc). An additional dependent samples t-test
conducted for the stroke+stress group also revealed a signiﬁcant
difference between pre-stress and chronic points in this group (219±
83.62 ng/mL vs. 424±41.12 ng/mL; t=9.86, Pb0.01). No differences
were found between pre-stress and chronicmeasures in control group
(271±54.39 ng/mL vs. 226±76.51 ng/mL, PN0.81; dependent sam-
ples t-test) and stroke-only group (239±44.91 ng/mL vs. 311±
37.69 ng/mL, PN0.94; dependent samples t-test).
3.3.3. Spatial learning performance
Latency: Fig. 6A shows the average time to ﬁnd the hidden
platform for all groups over 10 days of acquisition in theMWT. Similar
to the previous experiments, all rats showed a gradual decrease in
latency to locate the hidden platform regardless of their experimental
situation. However, rats in stroke+stress group located the platform
more quickly than rats with only HPC stroke. A repeated measure
ANOVA indicated a signiﬁcant main effect of Group [F(2,18)=58.55,
Pb0.05], Trial [F(7,70)=1.77, Pb0.05] and Day [F(4,40)=13.32,
Pb0.05]. No signiﬁcant effects of Group by Trial and Group by Day
were observed (all PN0.05). Post hoc comparisons (Tukey HSD)
revealed signiﬁcant difference between the controls and stroke-only
groups (Pb0.028) but not between the control and stroke+stress
groups (PN0.99). Post hoc comparisons also showed signiﬁcant
difference between the stroke-only and the stroke+stress groups
(Pb0.043). Our results indicate that although all the groups can learn
during spatial testing to ﬁnd the hidden platform in the MWT, the
acquisition is faster and more efﬁcient in the group of rats that were
stressed after receiving hippocampal ET-1 injections when compared
to the rats that had only the HPC stroke.
Swim speed: the facilitated spatial learning performance in the
MWT after stress might be due to the effect of stress on the rats'
locomotion, thus to determine whether the difference in performance
by the combined stroke+stress group was due to how fast they were
swimming, an analysis was performed on their speed. Fig. 6B reveals
swim speed in control, stroke-only and stroke+stress groups during
10 days acquisition in the MWT. All groups showed gradually
increased speeds across the 10 testing days in the task. No signiﬁcant
effect of Group (PN0.72; ANOVA) and Day (PN0.88; ANOVA) was
found indicating that neither stroke nor stress could affect the rats'
speed during spatial navigation within the MWT on the different
testing days. Hence, the observed facilitating effect of stress after
stroke on latency in the MWT does not result from an effect of
restraint stress on swim speed in stroke+stress group.
Probe trial: the results showing the percentage of time spent in
each quadrant during the probe trial (60-s duration) are depicted in
Fig. 6C. Analysis of the probe performance in this experiment revealed
a different proﬁle of spatial performance of the experimental groups.
All groups almost spent a considerable proportion of their time
Fig. 5. (A and B) Illustrations of the lesion observed bilaterally through the rostral and caudal extent of the hippocampus. The black spots represent the core of lesion which
is surrounded by the grey area with less tissue damage. (C and D) Estimate of the percentage damage for the stroke and stroke+stress groups in the dorsal and ventral
hippocampus. Both groups were structurally affected by the ET-1 injection into the hippocampus in a similar manner. Error bars show ±SEM. Atlas plates are from Paxinos and
Watson [76].
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spending at the target quadrant (controls: 49.09%±1.88; stroke-only:
33.84±3.17; stroke+stress: 42.21±1.81) in the probe trial, how-
ever, was signiﬁcantly different [F(2,18)=6.37, Pb0.05]. No signiﬁ-
cant difference was found between stroke-only and stroke+stress
groups (PN0.58, post-hoc) indicating that the stroke-only and stroke
+stress groups remembered the previous location of the hidden
platform in a similar manner in the probe trial. However, animals only
in control and stroke+stress groups showed signiﬁcant savings for
the target quadrant (NW) relative to the opposite quadrant (quadrant
2 or SE, control: t=3.68; stroke+stress: t=3.05; all Pb0.05, depen-
dent samples t-test).
4. Discussion
While chronic restraint stress in the ﬁrst experiment was expected
to have a disruptive effect on spatial performance, we found that
spatial learning performance in MWT is not affected by this type of
stress. In the second experiment, rats that received ischemic focal
stroke by injection of ET-1 into the hippocampus were tested in the
MWT. As we hypothesized, ET-1-induced hippocampal focal stroke
produced a spatial learning impairment in the MWT. Rats' spatial
learning performance was investigated after stroke and stress in the
third experiment. Our results indicate that post-stroke stress may
enhance spatial learning performance even though stress did not
diminish the volume of ischemic tissue loss.4.1. Spatial learning performance may not be affected by restraint stress
Although many reports indicate that stress can be a potent
modulator of cognitive function in general, mainly by impairing cog-
nitive function, the present data suggest that this relationship is more
complex. Various studies have suggested that spatial learning per-
formance is not inﬂuenced by speciﬁc stress paradigms. For instance,
Bowman et al. [33] assessed spatial memory after stress in the radial
armmaze (RAM). The rats' spatial learning was scored by three choice
accuracy measures: number of correct choices in ﬁrst eight arm visits;
choice where the ﬁrst mistake was made; and total number of choices
to complete the task. Interestingly, the authors showed that 21 days
of chronic stress enhanced spatial learning, while 28 days neither
enhanced nor impaired performance [33]. The present study ex-
panded previous studies by investigating the effect of post-stroke
repeated restraint stress on spatial learning in the MWT.
In the present study we did not ﬁnd a disruptive effect of our
repeated restraint stress paradigm in male rats within the MWT.
We found that the control and stress groups showed very similar
spatial learning performance in the MWT. Moreover, stress proce-
dure employed particularly in Experiment 1 produced signiﬁcantly
elevated levels of plasma CORT in chronic point. Hence, no stress
tolerance [34] or habituation to the adverse effects of stress [35,36]
that are usually reported for chronic stress were found in the current
study. These results are consistent with previous studies showing that
spatial learning performance is not adversely affected by stress [7,8].
Fig. 6. Testing inMWT. (A) Latency to ﬁnd the hidden platform. Over 10 days of training,
latency to reach the hidden platform signiﬁcantly decreased in HPC stroke+stress
animals when compared to stroke-only group. (B) Mean swim speed averaged across
10 days of testing inMWT. No signiﬁcant difference was found between groups in speed
during the spatial navigation. (C) The mean percentage of time spent in the four
quadrants of MWT during the 60 s of the probe trial conducted on day 11. Grey zone in
the schematic circle shows target quadrant. Error bars show ±SEM.
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spatial outcomes, including the context in which corticosteroid-
receptor activation occurs, stressor intensity, stress duration, source of
stress, memory phase at which stress acts, stressor controllability and
predictability, and gender ([1], see also Ref. [37] for review). However,
with respect to the present results, a number of possibilities should be
considered in particular.
First, the duration (i.e. the length) and intensity of restraint stress
play a key role in determining the behavioural effects of stress on
performance (see Ref. [37], for review). Stress-related impairments in
spatial performance have mostly been induced by and reported on
chronic restraint stress. This stress paradigm usually refers to a more
protracted exposure to daily restraint, such as 6 h/day for 21 days
[38–42]. Studies using such a chronic restraint paradigm revealed
disruptive effects on spatial performance [38–42]. The present study,
however, used a 1-hour restraint paradigm which could be the main
source of the discrepancy between our results in the current
experiment and the studies that have found disruptive effects.
Second, althoughmany stressors can evoke dramatic neural and/or
endocrine, and behavioural responses, the behavioural and endocrinestress responses can be dissociated [43] because the multitude hor-
monal consequences of stress frequently affect multiple target tissues
[44]. In this perspective, many of the hormones involved in stress
responses possess collateral consequences that may or may not
reinforce their direct biological or behavioural effects. It is likely that
many of these other effects, either behavioural or hormonal, can
provide the basis of mechanisms that might serve other, unrelated
adaptive needs [44]. The concept of stress-sensitive behaviours and
stress-related multiple biological reﬂections, from this viewpoint, are
the challenging issues that need further investigation particularly
when they are interpreted only in the light of neuroendocrinological
events. Therefore, that the neurohormonal and behavioural conse-
quences of stressful experiences can be dissociated may provide a
basis for stress-induced enhancement of spatial performance in the
present study.
Overall, it is well known that stress can have various effects on
memory: facilitating, neutral as well as disruptive inﬂuences have
been reported. These effects of stress on memory processes depend
upon several factors that cause signiﬁcant discrepancy between
results among different investigations. Speciﬁcally, for our results in
the ﬁrst experiment and when memory has been shown to be
unaffected by stress, task demands and duration of stress, and the
potentials for dissociating behavioural and endocrine responses
during stress may underlie the results. For functional alterations
resulting from any structural damage (e.g., accidents, diseases, aging,
etc.) to the brain, however, the issue of impaired spatial performance
seems to be less ambiguous.
4.2. Hippocampal focal stroke impairs spatial performance
The present study utilized injections of ET-1 into the hippocampus
as an analogue of ischemic stroke [25]. ET-1 is a potent and long-
acting vasoconstricting peptide [23] that may play a role in the
pathophysiology of a number of diseases. In animal models of stroke,
injection of ET-1 into the target area reduces local blood ﬂow via
vasoconstriction to produce ischemic damage [24,25]. In addition to
cortical ischemia induced by ET-1 [45,46], a low dose of ET-1 has
recently been used as a model of localized subthreshold stroke in the
hippocampus [14,26,29].
ET-1 injection into the hippocampus in our study was associated
with clear ischemic loss of hippocampal tissue and a reliable spatial
impairment in the MWT. The spatial impairment following the hip-
pocampal stroke in this experiment is likely to be a cognitive deﬁcit
resulting from the hippocampal stroke alone. In other words, this may
not be caused by the locomotor consequence of the speciﬁc procedure
of ET-1 injection as shown by the similar proﬁle of rats' speed within
the MWT.
Moreover, it has been shown that hippocampal cells are highly
sensitive to stroke events [13] and any vascular insult could affect
this structure leading to spatial cognition deﬁcits. As the present data
and previous studies [29] indicate, ET-1-induced tissue loss in the
hippocampus is mostly expected to occur in the dorsal CA1 and DG.
Hence, the observed behavioural decline following ET-1-induced
stroke supports the view that both hippocampal sub-areas play a
central role in learning and memory by processing and representing
spatial information [47]. Speciﬁcally, CA1-involved spatial represen-
tation has been demonstrated in several studies [48,49] and it has
been shown that CA1 and the DG integrate activity during spatial
performance [50]. An additional key issue about the DG's structure is
that this area is highly plastic and new neurons are born in the DG
throughout the life of mammals [51,52], although the functional
impact of neurogenesis in the DG on physiology and behaviour
is unclear. That the DG is structurally involved in neurogenesis, may
open awindow into brain recovery after neuropathological conditions.
Because studies have shown that the DG's neurogenesis is dependent,
in some parts, upon the presence of glucocorticoids [18,19,53], our
397J. Faraji et al. / Physiology & Behavior 102 (2011) 389–399results in Experiment 3, therefore, provide one important hypothesis
for future investigations: stressful situations or corticosterone treat-
ment may enhance spatial performance particularly when the hip-
pocampus is partially damaged by a neuropathological situation such
as focal ischemic stroke [29]. Furthermore, the ischemic output,
structural or functional, in the hippocampus may be inﬂuenced by
the neuroprotective consequences of CORT-related experiences, a
hypothesis that was investigated in the third experiment.
4.3. Post-stroke restraint stress enhances spatial function
Based on the hypothesis of the stress-dependent memory en-
hancement [2], the third experiment evaluated possible beneﬁcial
effects of stress on hippocampal structure and function after ET-1-
induced hippocampal stroke. Our prediction about the beneﬁcial effects
of a repeated stress paradigmonpost-stroke cognitive performancewas
based, not only on the anti-inﬂammatory consequences of glucocorti-
coids, but also on the hypothesis of the stress-dependent memory
enhancement. The view that stress enhances memory emphasizes the
possibility that the physiology of memory formation and consolidation
may involve stress hormones as endogenous positive modulators.
At the level of structural changes induced by stress, our results
in this experiment, at face value, seem to contradict some previous
ﬁndings [29] in which both stress and corticosterone decreased the
volume of hippocampal damage in rats. It is possible that the pre-
viously reported effect on tissue loss after stress was due to a shorter-
term stress (1 h/day; 16 days) compared to the longer-term stress
procedure used in the present study (1 h/day; 21 days). Therefore, the
two procedures may reveal different proﬁles of structural alterations
in the hippocampus after a focal stroke.
At the level of functional changes, however, the observed results
in the current study are in line with our previous ﬁndings. Most
importantly, the results about the rats' swim speed during spatial
navigation either after stress or stroke should be speciﬁcally
considered. Selecting swim speed, in addition to latency, as a further
pointer for spatial performance in this study may lead to re-conﬁrm
the previous reports in which neither stress nor ischemic insult can
increase swim speed within the MWT [26,29], although both stress-
induced hyperactivity [54] and ischemia-induced hyperactivity [55]
have been previously reported. This means that the decreased latency
to locate the platform in the MWT by stroke+stress group was not
attributable to the subjects' speed or hyperactivity during the spatial
navigation. The discrepancy between our ﬁndings and the previous
results may be reﬂected by the differences between the lab protocols
for stress and procedures to induce ischemic events.
Furthermore, the probe test in this series of experiments served as
a second andmore deﬁnitivemeasure of spatial performance. Animals
with stroke+stress in Experiment 3 did not generate lasting long-
term spatial memory, as shown by the observed non-signiﬁcant
difference between stroke-only animals and stroke+stress group in
the target quadrant. Nevertheless, analysis of dwell time in target
versus non-target quadrant presented an alternative proﬁle of probe
function in which stroke+stress animals still showed an enhanced
spatial memory in the MWT compared to stroke-only group.
A great deal of non human animal research documents an impres-
sive array of effects of corticosteroids on memory performance [56–
58]. Although beyond the scope of this study, it has been suggested
that adrenal hormones are associated with enhanced spatial memory
[33,59,60]. The behavioural improvement following stress or CORT-
associated experiences arguably indicate the impressive outcomes of
adrenal steroids on the hippocampal functions. This can speciﬁcally be
counted for the key role of these hormones in memory through the
interactions of basolateral amygdala (BLA) with the hippocampus
[61], a hypothesis in which the amygdala, that has a moderate density
of glucocorticoid receptors (GR), participates in the inﬂuence of
glucocorticoids on memory consolidation.An alternative possibility for the observed memory enhancement
after stroke by a repeated restraint stress paradigm in the current
study concerns the anti-inﬂammatory actions and potentially neuro-
protective effects by glucocorticoids. There are some reasons to
believe that glucocorticoids (e.g. corticosterone), in an intense and
complicated biological dialogue with immune and other neuronal
agents, may inﬂuence post-ischemic recovery in the adult brain (see
Ref. [62] for review). Our results, for instance, may be interpreted in
the light of the fact that corticosteroids are endowed with powerful
anti-edema and anti-inﬂammatory properties [63]. Basically, focal
ischemia is known to induce a long-lasting inﬂammation that in-
hibits neurogenesis in the adult rodent brain [21,22]. Inﬂammatory
processes, however, can be attenuated by glucocorticoids through
the system that plays a role in post-ischemic inﬂammatory reactions
and was recently shown to be a promoter of neurogenesis ([64]; see
Ref. [65] for review). Hence, glucocorticoids may play a restorative
role after ischemic events through reducing inﬂammatory processes
in the brain.
The hippocampus has been recently selected for stress and stroke
investigations because: (1) the hippocampus is a structure intimately
involved in a well characterized processes of learning and storage
of new information [66–69], (2) strokes and other neuropathological
conditions frequently cause some learning and memory deﬁcits
[70,71], (3) in the adult hippocampus, particularly DG new neurons
are produced [51,72], and (4) the structure is a major target of stress
hormones [6], having one of the highest concentrations of receptors
for corticosteroids in the mammalian brain. Based on our results, one
can at least conclude that the hippocampus is susceptible to the
structural and functional improvement after ischemia, particularly
after ischemic focal stroke and CORT-related experiences.
Froma behavioural viewpoint, on the other hand, several strategies
may be evoked by the physical arrangement of the environment, and
the animal's perception and physical capabilities when it encounters a
stressful challenge (see Ref. [73] for review). For instance, restraint
stress promotes the use of task-speciﬁc compensatory strategies in
skilled movement after stroke [74]. In addition, the environmental
input (e.g. the context of a learning task) that activates certain
neuronal pathways is likely to inﬂuence steroid-receptor-mediated
changes in limbic activity [1]. In this perspective, it has been suggested
that both exogenous CORT administered immediately after training
and a decrease in the water temperature that produces a CORT
response facilitate spatial performance in the MWT [75]. The con-
textual or environmental input, therefore, sometimes may determine
the level of the involvement of HPA-related outputs in, for instance,
memory function.
4.4. General conclusions
Taken together, the results reviewed in the present study empha-
size: (1) the behavioural dynamics in the MWT particularly after
stressful episodes and hippocampal stroke, and (2) the importance of
CORT-related experiences in stroke outcome. We have demonstrated
that behavioural deﬁcits caused by HPC ischemic focal stroke can
be regulated by repeated restraint stress. This interesting picture of
enhanced functional improvement by stress after stroke, although not
directly attributable to steroid hormones, may suggest a central role
of these hormones in memory performance. The precise nature of
the causal relationship between stress and post-stroke functional im-
provement, however, is uncertain and should be the focus of further
investigations.
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